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The objective of this project was to test the hypothesis that micritic, microbial,
dendritic shrub structures transition into aragonite botryoids by serving as an organic
substrate that promotes the initiation of aragonite crystal precipitation. Samples for this
study were taken from three sources: 1) a stalactite found in the Lighthouse Reef Blue
Hole, Belize; 2) aragonite botryoids in the reef framework of the Permian Capitan
Formation and 3) the Lower Permian Laborcita Formation found in the Sacramento
Mountains, south-central New Mexico. Samples studied in thin section and with scanning
electron microscopy (SEM) showed dendritic micrite within botryoids and spheroidal
shapes associated with aragonite. Precipitation experiments were conducted to grow
calcite crystals with organic molecules in solution. The textures formed were very similar
to those found at the three sample sites. Despite the similarity, all evidence of an organic
substrate promoting precipitation remains circumstantial and therefore inconclusive.
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CHAPTER I
INTRODUCTION

The association between dendritic structures, microbes, and precipitation of
aragonite was noted in the first detailed descriptions of travertine (Chafetz and Folk,
1984). Bacterial mats grow branching structures similar to trees, to maximize the amount
of light that falls upon each bacterial body (Riding, 2000). The splayed pattern of crystals
in aragonite botryoids is a geometric solution to the need for space to grow (Sandberg,
1985). This thesis grows out of previous research, combined with cryptic, micritic,
dendritic ghosts observed and hypothesized by B.L. Kirkland, and confirmed in her
discussion with G.P. Wahlman (Wahlman, 2012). This research investigates the
relationship between microbes, dendritic shrub structures, and aragonite botryoids.
Objective
The objective of this project is to test the hypothesis that micritic, microbial,
dendritic shrub structures transition into aragonite botryoids, by serving as an organic
substrate that promotes the initiation of aragonite crystal precipitation. Samples for this
study were taken from three sources: 1) a submerged Holocene stalactite found in the
Lighthouse Reef Blue Hole, Belize; 2) aragonite botryoids filling pore space in the reef
framework of the Permian Capitan Formation in the Guadalupe Mountains of west Texas
and southeast New Mexico; and 3) samples associated with large oncoids in the Lower
1

Permian Laborcita Formation found in the Sacramento Mountains in south-central New
Mexico. All three sample sites share the similarity that they were icehouse sea
precipitates (Sandberg, 1983). They also have cryptic, micritic and dendritic ghosts seen
by Kirkland and Wahlman. Samples from the three sites will be studied through thin
section and Scanning Electron Microscopy (SEM) with the goal of a carefully controlled
examination of the relationship between organics and dendritic structures.
Hypothesis
Dendritic structures, when examined under the light microscope and in SEM, will
reveal images showing a close association with organic material and microbial influences
that promote a transition into aragonite botryoids.
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CHAPTER II
LITERATURE REVIEW

Microbial Importance
Bacteria are key in the formation of microbial carbonate rocks (Riding, 2000).
Many types of bacteria are anaerobic heterotrophs that can occupy dark anaerobic
conditions for example, sediment pore spaces (Nealson, 1997). These are sulfate reducing
bacteria that mineralize organic material in organic components by redox processes
(Fenchel and Finlay, 1995). This catabolic process, denitrification and sulfate reduction
becomes more successful with increased depth. Cyanobacteria, also known as
cyanophyte, are aerobic phototrophs that thrive in the water column and at the sedimentwater interface. They are mainly relatively large filamentous forms that can attach to
mucilaginous stalks and or secrete mucilage, which is an important sediment stabilizer in
the marine world (Riding, 2000). Cyanobacteria can create bores or tunnels ranging from
0.5 to 10 µm (figure 2.1) (Pantazidou et al, 2006).
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Figure 2.1

Evidence of cyanobacteria

Surface showing tunnels and boreholes produced by cyanobacteria Hyella caespitosa var
(Pantazidou et al, 2006).
Many bacteria obtain their nutrients and energy by degrading minerals and other
materials. This process is accelerated when the bacteria are adhered to the rock or
sediment surfaces. Mineral dissolution is a key aspect of the weathering process and
makes microbes important to the biogeochemical cycle of elements. Microbes can also
contribute to carbonate rocks through two main processes, grain trapping and
precipitation. In grain trapping, bacterial mats form fibrous coverings and are further
strengthened by desiccative lithification. The size, orientation and mutual relationship of
the microbes determine the effectiveness of grain trapping. Examples of grain trapping
and stabilization have been recorded during sedimentation pauses in tidal and lacustrine
flats where microbes build thin layers. These microbial growths trap previously deposited
sediment that range from fine to coarse siliciclastic and carbonate grains. Microbes also
4

have an important role in assisting in the process of forming cement which holds together
much of the sediment. Additionally, microbes assist and sometimes are the primary driver
for dendrolites, skeletal stromatalites and tufa stromatalites. Finally micrite could
possibly be formed by microbial origins (Riding, 2000). It is believed that dying and dead
bacteria can be calcified leaving small rounded bodies (Krumbein, 1978). Other
hypotheses exist on the origin of micrite including facilitation by nanobacteria as well as
abiotically (Kirkland et al., 1999).
Localities
Lighthouse Reef Blue Hole
The first samples studied were collected in 1970 near the coast of Belize; the
Lighthouse Reef is the outermost atoll. Dill et al. (1998) described the atoll as located on
a limestone platform. Near the center of the reef is a large blue hole caused by a collapsed
cavern. The cavern has large speleothems and dripstones; therefore at one point the
cavern was sub-aerially exposed, when sea level was at least 60 meters below its present
level. Due to its size, the cavern is believed to have formed during several glacial lowstands in the late Pleistocene. When viewed from air, the Blue Hole (located at Latitude
N17º8.6’, Longitude W87º32’) has a distinct deep blue color compared to the greenish
blue color of the shallow banks. The Blue Hole is 320 m in diameter and 125 m in depth.
At the east and west sides of the Blue Hole there are large blocks of wall and ceiling with
attached speleothems at the base, which have accumulated from collapse. The northern
and southern sections of the Blue Hole remain intact, including sections of the
overhanging ceiling. Under the overhang, a collection of Halimeda plates that rained
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from the edges of the Blue Hole has created a ring-shaped unlithifed packstone mound
(Robert Dill et al., 1998).
A stalactite was collected and examined from the Lighthouse Reef Blue hole by
Robert Dill in 1970; see (figure 2.2). One side of the stalactite showed relatively dense
laminations where the opposite side was very porous. The porous side was chalky in
places and had pronounced branching cauliflower-like patterns very similar to what is
found in travertine deposits. The inner core is approximately 18 cm in diameter and
composed of calcite. The core in places appears to have some neomorphosed replacement
of radial fibrous aragonite, where in other places it is micritic and elsewhere is a sparry
mosaic. This is hypothesized to occur because the stalactite represents multiple
generations of growth. The stalactite may have first formed as two pendent stalactites in a
dry cavern, and was then coated by marine cement in an interglacial high. Upon
subsequent aerial exposure, the stalactite experienced further vadose growth and
neomorphic meteoric alteration. A botryoidal aragonite rind has formed around the core.
The botryoidal aragonite is chemically nearly identical to other course-crystalline marine
aragonite cement found along drop-off into deep water along main reef systems in Belize.
Using isotopic analysis it was noted O18 was enriched relative to an equilibrium marine
precipitate; this is common for marine cements. However C13 was depleted compared to
other marine cements. It is believed this is due to microbial influence. Microbes would
also explain the cauliflower-like structures found on one side of the stalactite (Dill et al.,
1998). These microbial dendritic structures are the focus of this study and are being
examined to determine their influence on any aragonitic botryoids in the sample.
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Figure 2.2

Cross-section of the stalactite cut perpendicular (Dill et al., 1998).

Cut perpendicular in (Dill et al., 1998).
The Permian Capitan Formation of the Guadalupe Mountains
Setting
The second set of samples studied came from the Permian Capitan Formation of
the Guadalupe Mountains and is part of the mixed carbonate and siliciclastic sequences
of the Delaware Basin, which is a sub-basin of the Permian Basin (Harris, 2004). The
Capitan Reef Complex forms a horseshoe shape composed of fossiliferous limestone
around the rim of the Delaware Basin (Standen et al., 2009). The Capitan Formation has
been subdivided into a reef breccia unit and a reef limestone known as the massive unit
(Achauer, 1969). The massive unit has been broken into three parts, lower, middle, and
upper members, based on their correlation with units deposited on the shelf (King, 1949).
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The sample studied in detail was collected from the middle Capitan, from 1986 through
1999.
Lithology
The Capitan Formation is mapped as the massive reef buildup that formed on the
shelf margin. The reef complex has an elaborate fabric composed of Permian carbonate
reef-forming rocks that include the Goat Seep Limestone, Capitan Limestone, and
formations of the Carlsbad Group (Standen et al., 2009).
The upper and middle Capitan layers includes abundant botryoidal aragonite
cement that has been neomorphosed, but with little radiaxial calcite (Kirkland et al.,
1998). The aragonite has been neomorphosed into low magnesium calcite or dolomite
that has preserved some of the original wall structures. Although aragonite is subject to
rapid dissolution, neomorphism to low-magnesium calcite or overall replacement by
dolomite usually preserves the fabric (Scholle, 1999).
Formation controversy
There are two explanations for the formation of the Capitan Reef. One is the
marginal mound theory where it is an organic bank made up of mostly calcareous
sponges and bryozoans. These organisms may have built up sediment baffles in the
Capitan (Achauer, 1969). Sediment-binding algae may have played a role trapping
skeletal sediment and allowing for the buildup of thick limestone facies (Achauer, 1969).
Another, earlier hypothesis is the Capitan is a classic example of a barrier-reef complex
(Newell et al., 1953). Reef organisms found in the massive member were sufficiently
rigid to withstand storm waters and the erosive actions. During periods of stability, the
8

reef edge built outwards into the basin. Throughout the front of the member there are reef
bulges from where some segments moved outward farther than others; therefore the reef
did not grow uniformly (Adams & Frenzel, 1950). However, controversy exists as to
whether the organisms were actually strong enough to be wave-resistant (Achauer, 1969).
The initial frame-building phase was believed to consist of sponges and fenestral
bryozoans (Wood et al., 2011); reef binders were predominantly microbial carbonate and
encrusting organisms (Archaeolithoporella) of uncertain affinities; possibly remnants of
red algae. Geopetal infillings of sediment are abundant—but not as volumetrically
significant in the Middle Capitan (Kirkland et al., 1998). The lower Capitan is
interpreted as being dominated by microbial micrite and fine-grained micritic cement.
The Middle Capitan frame builders and binders created a framework of voids that filled
with marine cement, first aragonite botryoids in great abundance (1-15 cm thick) and then
followed by a much thinner (1-5 mm) rim of radiaxial calcite (Rahnis and Kirkland,
1998). Despite all of the controversy and resulting research, the book by Newell et al.
(1955) remains the most complete single work on the Capitan biota. That team of
researchers referred to the Capitan as a barrier reef. The Capitan is perhaps best
described by Wood et al. (2011), who stated that a single term, or even terms, does not
begin to adequately describe this complex rock.
Microbial presence
In many publications wackestone was considered the dominant lithology in the
Capitan and the micrite was considered evidence of low-energy conditions (Achauer
1969; Dunham 1962, 1972; Yurewicz 1977; Pray 1986). However the Massive Member
that composes much of the middle and upper Capitan Formation contains both micrite
9

deposition as well as the record of in situ encrustation and precipitation (Kirkland et al.,
1998). Microbially precipitated micrite is known to be a dominant buildup formation
throughout much of the rock record and clearly plays a significant role in formation of
the Capitan Reef (Riding, 2000; Kirkland et al., 1998). Microbialite formed by micrite
being trapped in, or precipitating within, mucilaginous microbial biofilms. This allowed
peloids to accumulate in caps with a high angle of repose or on the sides and undersides
of organisms creating gravity-defying structures (Kirkland et al., 1998). A second type of
microbial micrite is found between the initial layers of aragonite botryoids that line the
large (2-30 cm) pores of the reef framework, see figure 2.3 (Kirkland et al., 1998). These
micritic layers are irregular in thickness and density. The last stages of aragonite botryoid
precipitation are interpreted to have occurred deep within the reef structure filling
remaining reef cavities with extensive botryoidal aragonite (Kirkland et al., 1998).
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Figure 2.3

Aragonitic botryoids in thin section

Dark-gray layers of variable thickness and clotted texture are aragonitic (now
neomorphosed) botryoids. (Kirkland et al., 1998)
Laborcita Formation
Setting
The third set of samples studied were collected in 1995 from the Laborcita
Formation, named for the Laborcita Canyon found on the western edge of the Sacramento
Mountains in south central New Mexico. The Laborcita is a series of beds that transition
from late Pennsylvanian marine deposits to terrestrial red beds. This transition can be
seen throughout the northern Sacramento Mountains in New Mexico. The Laborcita
Formation represents a cyclic sequence, varying in lithology both horizontally and
vertically (Otte, 1959). Sediments of the Laborcita Formation along with non-fusulinid
forminiferans indicate it is part of the Wolfcampian (Steiner andWilliams, 1968).
Outcrops of the Laborcita can be found throughout parts of New Mexico; Scorpion
11

Mound, found 1.5 km north east of Tularosa near the entrance to Coyote Canyon in Otero
County, has been well documented (Krainer et al., 2009).

Figure 2.4

Stratigraphic column of the Sacramento Mountains

Modified from (Gordon, 1997)
Lithology
The Laborcita Formation is found at the top of the Magdalena group (figure 2.4).
The lithology of the scorpion mound within the Laborcita Formation is broken into four
sections (figure 2.5). The first section starting from the top is massive aragonite facies
composed of dark, coarse, crystalline, fibrous calcite and micrite. The second section is
phylloid algal with aragonite cement facies separated by divergent radial pseudospar or
possibly replacement dolomite. The third section contains phylloid algal wackestone to
12

packstone. Along with the phylloid algae the rock has foraminifers, bryozoans, mollusks,
crinoids, ostracods and gastropods in a micritic matrix. The fourth section found at the
base of the mound is composed of breccia facies with angular clasts of phylloid algal
facies intermixed in a bioclastic wackestone to packstone (Krainer, 2009).

Figure 2.5

Laborcita Formation stratigraphic column

Modified from (Krainer, Lucas, & Vachard, 2009)
13

Microbial presence
The Laborcita Formation contains carbonate rocks with dark irregular spots that
average 2 cm in diameter. The dark irregular spots are found within a tan matrix making
the rock resemble leopard spots; hence the name “leopard rock” (Tishler, 2014). Ongoing
research suggests that the unit is microbial in origin. The spots occur in aggregated
clumps or clusters and show an upward-oriented concentric laminae of peloidal micrite.
SEM images reveal clusters of cylindrical curvilinear strings that are over 1,000 nm long.
Tishler hypothesized that these long cylindrical features might be fossilized bacteria
(figure 2.6). Images of densely packed nanometer-sized kidney bean and dome-shaped
structures also appear on the Scanning Electron Microscope (SEM) images. These
structures are believed to be relicts of organic matter (Tischler, 2014).

Figure 2.6

SEM image of possible fossilized bacteria

Taken from the Laborcita Formation, from (Tischler, 2014)
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Giant, asymmetrical oncoids, with an approximate diameter of 50 cm and shape
similar to large hams, from the Laborcita Formation were documented (figure 2.7); by
Kevin Moore in 2010 and were determined to be microbial in origin. Thin sections of the
oncoids showed irregular shaped laminations, thombolitic clots and fenestral fabrics
(Moore, 2010). Moore also found an abundance of peloids. According to Chafetz (1986),
many peloids begin as calcite precipitates around bacteria. Gravity-defying structures
and dendritic structures similar to what is found in the Capitan Formation were also
identified on the hams (Moore, 2010).

Figure 2.7

Ham in outcrop

Modified from (Moore, 2010)
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CHAPTER III
RELEVANCE AND IMPORTANCE

Relevance of the three sample sites
Though the three sample sites are in different geographical locations and have
formed in different geological settings, they share multiple similarities. First, all three
sites were formed in marine environments where microbes are known to thrive. Second,
samples from the three sites have dendritic structures that seem to transition into
botryoids. Examples of these transitions are found in thin sections created from samples
of microbialite and botryoidal aragonite in the Permian Capitan Formation and
microbially formed giant oncoids from the Laborcita Formation (Moore, 2010). These
samples show dendritic structures within botryoids (figures 3.1, 5.1). The Lighthouse
Reef stalactite has dendritic structures on the eastern edge of the horizontally cut cross
section that seem to also transition into botryoids. A third similarity is that samples from
all three sites show aragonite botryoids infilling cavities. This can be seen in the Permian
Capitan Reef where aragonitic botryoids have filled in the framework of the reef. The
Lighthouse Reef Stalactite shows aragonitic botryoids growing on the edge where most
of the dendritic structures are found. The Laborcita Formation shows aragonitic microbial
structures filing in many of the voids. Therefore, all three sites share previous research
documenting the evidence of some possible relationship between dendritic structures and
aragonitic botryoids.
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Figure 3.1

Micritic dendritic structures surrounded by needle-like aragonite crystals

Taken from the Laborcita Formation (Moore, 2010)
Significance
It is well established that microbes play an important role in many aspects of
mineralization and precipitation. A better understanding of the role of microbes in
precipitation of minerals may be applicable to a broad spectrum of fields including
medicine, planetary geology, and nanotechnology.
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CHAPTER IV
METHODS

Introduction
Samples taken from the Lighthouse Reef Blue Hole was sectioned and prepared
for this project, Permian Capitan Formation and the Laborcita Formation were previously
sectioned and prepared for observation for other projects. Preparation of all samples were
for observation of the dendritic and microbial structures. Standard petrographic
techniques including polished thin sections, Scanning Electron Microscope (SEM),
microfacies and X-ray elemental analysis were used to investigate the relationship of
microbial organic material to aragonitic precipitation.
Sample Collection and Preparation
The sample at Lighthouse Reef Blue Hole was collected in 1970 by Robert F. Dill
from the University of South Carolina. A portion of it was shared with Lynton S. Land
from the University of Texas, and given to Brenda L. Kirkland in 1989. The stalactite
was collected 50 meters deep near a terrace on the southern rim. The stalactite was cut
into slabs perpendicular to its long axis that represented its three concentric zones. Then
the slab was cut into three sections that represented the transitional zones from laminated
to dendritic structures (figure 4.1).
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Figure 4.1

Lighthouse Reef Blue Hole stalactite cut into three sections.

The three sections that represent the laminate sections (top) and dendritic structures
(bottom)
Capitan Reef samples were collected by Brenda Kirkland through the years of
1986 and 1999. Samples from the Capitan Formation were previously cut into multiple
sections for other projects.
Samples of the Laborcita Formation were collected by Ian Gordon with assistance
from Jonas Gournay and Brenda Kirkland, all from the University of Texas in 1995. The
sample was collected from the Leopard rock section (figure 2.5). Samples from the
Laborcita Formation were cut into six slabs and polished in the lapidary lab of the
Department of Geological Sciences at the University of Texas. A small subset of
samples were used by Kevin Moore (2010) to create growth maps of the interior structure
and layer boundaries as well as to prepare a microstratigaphic analysis.
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Thin Section Analysis
I sent the Lighthouse Reef stalactite samples to Spectrum Petrographics to create
thin sections. Additional polishing of the thin sections was completed by the author at
Mississippi State University. In this research study, a Nikon Eclipse E400 POL
microscope was used to examine the thin sections.
Thin sections of the Capitan Formation were previously created at the University
of Texas, Austin Department of Geological Sciences lab, Texaco Laboratory, and
Louisiana State University Department of Geological Sciences lab. The sample used was
originally collected as part of research for the Bureau of Economic Geology Guide to the
Permian Reef Geology Trail, McKittrick Canyon, Guadalupe Mountains National Park,
(Bebout and Kerans, 1993). All thin sections were impregnated with blue-dyed epoxy and
no cover slips were attached. In this research study, a Nikon Eclipse E400 POL
microscope was used to examine the thin sections. Thin sections of the Laborcita
Formation were previously prepared by the University of Texas at Austin Department of
Geological Sciences lab in 1998. All thin sections were impregnated with blue-dyed
epoxy and no cover slips were attached. In this research study, a Nikon Eclipse E400
POL microscope was used to examine the thin sections.
Scanning Electron Microscope
Within this study, SEM samples were prepared from all three sampling sites.
Lighthouse Reef stalactite samples were prepared from the laminated zone, dendritic
zone, and transitional zone. The cut samples were broken using sterile forceps to expose a
fresh surface. The samples were then mounted to a stainless-steel stub with carbon film
tape. Some brittle samples required a gel adhesive to secure the samples to the carbon
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film tape. An EMS 150T ES high-resolution sputter coater was used to coat each sample
with 30 µm of platinum. Thin sections of the Laborcita Formation and Capitan Formation
were prepared for SEM analysis by coating each thin section with 5 µm of platinum using
the EMS 150T ES high-resolution sputter coater. A JEOL JSM-6500F Field Emission
SEM was used to inspect all samples for microbial influences on organic material and
microbial evidence. A JEOL JSM-6500F Field Emission SEM was used to take images
ranging from 10x to 18,000x at 5kV-30kV. These images were used to investigate the
transitional zone from organic microbial material and aragonitic precipitation.
The X-EDS spectrometer, which is attached to the JEOL JSM-6500F SEM, in
conjunction with Oxford Instruments INCAEnergy+ software, was used to conduct
electron beam-induced X-ray elemental analysis to individual sections to determine their
chemical makeup. Samples taken from the laminated to dendritic transition zone were
mounted to a stainless-steel stub with carbon film tape and gel adhesive, but were left
uncoated. Leaving the sample uncoated distorts the sample’s image quality, but increases
the accuracy of the X-ray elemental analysis. X-EDS analysis was used to identify
organic material at the transitional zone from organic material to aragonitic growth. All
SEM work was conducted at Mississippi State University’s Institute for Imaging and
Analytical Technologies.
Focus Ion Beam
An opportunity arose to have samples section and imaged by a Focus Ion Beam
(FIB) by Rich Fiore of TESCAN with the assistance of Kulandaivelu Rooban
Govindarajulu from the Institute for Image and Analytical Technology (I2AT) at
Mississippi State University. A FERA3 FIB unit was used to take two images of the
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Lighthouse Reef Blue Stalactite from the transitional zone. The images were taken at 688
and 870 magnification at 10.0 kV.
Precipitation Experiments
Introduction
Precipitation experiments were conducted in attempts to understand how
aragonite and calcite grow when intermixed with organic molecules. Three different
organic molecules were used: urease acid, palmitic acid, and triacontanoic acid. These
three acids were chosen because they are common organic molecules found in naturally
occurring biofilms. Samples were grown with these different organic molecules, in three
settings (24 hours, 48 hours and 72 hours). Each sample was then analyzed using SEM.
Experiment Preparation
All glassware used was sterilized using an autoclave at 121 °C for 30 minutes and
left to dry within a laminar fume hood (figure 4.2). A carbon-free calcium was created by
heating 0.02 g of reagent-grade CaCO3 to 1000 °C for three hours for each sample set,
decomposing the carbon (figure 4.3).
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Figure 4.2

Glassware in autoclave at 121 °C for 30 minutes to sterilize

Figure 4.3

Heating of reagent-grade CaCO3

0.02g per sample to 1000 °C for three hours to decompose carbon
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Precipitating crystals
Three sets of four samples were created (figure 4.4). Each set consisted of four
samples; a control sample that only contained calcium, a sample that contained calcium
and urease acid, a sample that contained calcium and palmitic acid, and a sample that
contained calcium and triacontanoic acid. For each sample, the solution was created
using 0.02 g of heated calcium and 0.02 g of the organic molecule in 40 mL of sterilized,
pyrogen-free distilled water.

Figure 4.4

Three sets of four samples each

The first set was allowed to precipitate crystals for 24 hours. The second set
precipitated crystals for 48 hours. The third set precipitated crystals for 72 hours. All sets
precipitated crystals in a laminar flow hood.
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Samples Filtered
Each sample was filtered through a polycarbonate, 0.01 µm, 47 mm-diameter
membrane. The membrane was mounted onto a Nalgene vacuum canister, (see figure
4.5). Each solution was run through the vacuum canister with a .01 micron filter to
capture the precipitated crystals.

Figure 4.5

Nalgene canister under vacuum

Scanning Electron Microscope
A 1 mm section of the filter for each sample was cut and mounted to a stainlesssteel stub with carbon film tape. An EMS 150T ES high-resolution sputter coater was
used to coat each sample with 5 µm of platinum. A JEOL JSM-6500F Field Emission
SEM was used to inspect samples for microbial influences on organic material and
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microbial evidence. The Field Emission SEM was used to take images ranging from
1600x to 33,000x at 5kV-30kV. These images were used to investigate the transitional
zone from organic microbial material and calcite precipitation.
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CHAPTER V
RESULTS

Capitan Reef
Fifty (50) thin sections of the Capitan Formation were examined. One thin section
was selected for Scanning Electron Microscopy (SEM) work based on presence of
neomorphosed aragonite and associated dendritic structures (see figure 5.1). The thin
section images were marked using carbon tape to represent areas of interest. Figure 5.2
showed the area that was imaged in SEM, which is outlined by the red box.

Figure 5.1

Thin section taken of The Capitan Formation

Photomicrograph showing the zone of the thin section that was examined in SEM in the
SEM photomicrographs below
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Scanning Electron Microscopy Results
Scanning electron microscopy was used in areas of interest found on the Capitan
Formation thin section (figure 5.2). The Capitan Formation samples showed debris fields
of abundant spherical to subspherical particles ranging in size from 1µm to 3 µm (figures
5.6, 5.7, 5.9).

Figure 5.2

SEM photomicrograph of structures found in The Capitan Formation

Highlighted area of figure 5.1 showing abundant spheroidal to subspheroidal features.
Neomorphosed aragonite is abundant in the Middle Capitan Formation reef facies
and “ghost” acicular aragonite crystals are visible in standard petrographic thin sections
imaged in SEM (figure 5.3). A series of progressively higher magnification SEM
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photomicrographs confirms an abundance of nanometer-scale spheroidal to irregular
shaped features along the neomorphosed acicular aragonite crystals (figures 5.3, 5.4, 5.5,
5.6, 5.7). Accumulations of spheroidal to subspherical shaped features are found
commonly in thin section (figure 5.8). In an adjacent part of the thin section, the
spheroidal structures are also found in association with rod-shaped features and
neomorphosed acicular aragonite (figure 5.9)

Figure 5.3

SEM photomicrograph of neomorphosed aragonite crystals

Thin section surface showing elongate features characteristic of neomorphosed acicular
aragonite crystals.
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Figure 5.4

SEM X500 magnified image of neomorphosed aragonite

SEM photomicrograph of the image shown in the box in figure 5.5. Note the abundance
of nanometer-scale spheroidal to irregular shaped features.
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Figure 5.5

SEM X1,800 magnified image of neomorphosed aragonite

SEM photomicrograph showing the area indicated in the red box on figure 5.4 showing
nanometer-scale spheroids along the neomorphosed aragonite crystals.

31

Figure 5.6

SEM X4,500 magnified image of neomorphosed aragonite

SEM photomicrograph of the image of the center cavity in figure 5.5 showing abundant
spheroidal to sub spheroidal features. The red box in this image shows the area shown at
higher magnification in the next image, figure 5.7.
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Figure 5.7

SEM X40,000 magnified image of neomorphosed aragonite

High resolution image of the area in the red box in the center of figure 5.6, with arrows
pointing at spheroidal to subspheroidal features.
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Figure 5.8

SEM photomicrograph of spheroidal shaped features

SEM photomicrograph showing a typical accumulation of spheroidal shaped features
found in a thin section of the reef from the Middle Capitan Formation.
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Figure 5.9

SEM photomicrograph of spherical and rod shapes structures

SEM photomicrograph showing spherical and rod shapes found spread out over
irregularly-shaped crystals. Rod shaped structure (arrows) are found throughout the
sample.
Lighthouse Reef
The results of the Lighthouse Reef Blue Hole stalactite sample section are
discussed according to concentric zones (dendritic zone, the transitional zone, and the
laminated zone).
Dendritic Zone
The dendritic zone is the innermost section of the Lighthouse Reef Blue Hole
sample. This zone has a chaotic matrix with broken aragonite crystals and suspected
organic debris imbedded throughout the calcium carbonate matrix (figure 5.10).
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Elongated tubular structures 2 µm in diameter and varying in length are found throughout
the zone (figure 5.11). An intricate, high volume pore network is found throughout the
matrix of the sample (figure 5.12).

Figure 5.10

SEM image of the Dendritic zone

Dendritic zone showing large amounts of suspected organic debris on aragonite crystals
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Figure 5.11

SEM Image of dendritic zone showing elongated structures

SEM Image taken from sample collected at the outer layer of the Lighthouse Reef
stalactite; elongate tubular structures are approximately 2 µm in diameter and up to 55
µm long.
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Figure 5.12

SEM image of possible cyanobacteria pores

A higher magnification image of figure 5.11 showing cross sections and longitudinal
sections ranging from 2 µm to 5 µm diameter of calcified crusts forming tubular shapes.
This is consistent with the size of cyanobacterial pores and tunnels described by
(Pantazidou et al, 2006). This mesh of intertwined tubular features results in an extremely
intricate pore network.
Transitional Zone
Scanning Electron Microscopy
The transitional zone is found between the dendritic and laminated zones. The
transitional zone shows an abundance of in situ aragonite crystals. Many of the crystals
clusters have grown in a radial pattern. Spheroidal to sub-spheroidal particles are found
throughout this zone. Large accumulations of these spheroidal particles can be found at
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the base of the aragonite crystals and in the center of the radial crystal clusters (figures
5.13, 5.14, 5.15, 5.16, 5.17).

Figure 5.13

SEM photomicrograph of aragonite botryoids in the transitional zone.

Note the abundant spheroidal features in the core of the botryoids. The red box
delineates the area shown at higher magnification in figure 5.14.
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Figure 5.14

Magnified image of Figure 5.13

SEM photomicrograph showing the area in the box of figure 5.13. Note that spheroidal
to sub-spheroidal features form the core of the splays and blanket the radial botryoids.
The red box in this image shows that area imaged at higher magnification in figure 5.15,
revealing that spheroidal features blanket the radial botryoids.
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Figure 5.15

SEM magnified image of figure 5.14

Note the spheroidal features intermixed with aragonite botryoids. The red box delineates
the area shown in figure 5.16
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Figure 5.16

Magnified image of figure 5.15.

Magnified image indicated by the box on figure 5.15. Photomicrograph of the sub
spherical features found near where aragonite crystals are originating.
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Figure 5.17

SEM photomicrograph showing spheroidal features at the base of aragonite
crystals.

Near the base of one of the aragonite botryoids a tubular feature defined by
spheroidal to sub spheroidal particles is present. This feature, about 3 µm across, is
consistent with the tubular features seen in the dendritic zone (figure 5.18). Another
singular tubular feature was significantly larger with a diameter of about 20 µm and a
length of at least 50 µm (figure 5.19).
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Figure 5.18

SEM of tube at the base of an aragonitic botryoid

SEM photomicrograph of nanometer scale spheroidal features forming a 5 µm diameter
tube at the base of an aragonitic botryoid.
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Figure 5.19

SEM photomicrograph of a single calcareous tubular feature

Approximately 8 µm in diameter, significantly larger than the abundant tubular features
seen in the dendritic zone.
Focused Ion Beam
The results from the Focused Ion Beam investigation are inconclusive. The FIB
does show a cross-section between the aragonite crystals and the suspected organic
material in the transitional zone (figures 5.20, 5.21). However it is difficult to determine
the difference between the suspected organic material and the coating used for the FIB.
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Figure 5.20

FIB image of lighthouse reef cross-section

Focused Ion Beam image taken in the transitional zone showing the cross-section
between the aragonite crystal and suspected organic material
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Figure 5.21

Focused Ion Beam of suspected organic material

Image taken in the transitional zone showing aragonite crystals randomly intermixed with
suspected organic material
Thin Section Micrographs
Thin sections of the Lighthouse Reef Blue Hole stalactite taken in the transitional
zone showed an abundance of aragonitic botryoids (figure 5.22). The aragonitic
botryoids can be found randomly scattered equivalent (figure 5.22) or in a uniformly
organized pattern which consists of the botryoids growing in partially the same direction
(figure 5.23). What is believed is organic material is also found the base of many
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aragonite botryoids (see figure 5.23). Under high magnification the radial pattern of the
aragonite botryoids are distinguishable (figure 5.24). Also the relationship between the
suspected dark organic cores and the 0.2 to 1.0 mm aragonite botryoids is clearly visible.

Figure 5.22

Micrograph taken in the transitional zone

Shows an abundance of aragonite botryoids throughout the Lighthouse Reef Formation
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Figure 5.23

Dark clusters of suspected organic material and peloids.

Dark clusters of suspected organic material (brown) and peloids. This zone transitions
into dendritic structures.
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Figure 5.24

Thin section image of aragonitic botryoids.

High magnification image showing aragonitic boryoids with dark, micritic dendritic
structures, composed of suspected organic materials transitioning into botryoidal
structures.
Laminated Zone
The laminated zone is found on the innermost section of the concentric,
perpendicularly cut stalactite sample. The zone has an abundance of spherical to
subspherical features that range from 10 to 90 nm in diameter (figure 5.25). Rod shaped
features averaging 2 µm in length are found intermixed with the spherical to subspherical features (figures 5.26, 5.27, 5.28, 5.29). Some debris of broken aragonite
crystals and coccoliths are found throughout the sample (figure 5.31). Spherical to subspherical particles are consistently associated with aragonite splays, often near the base of
the aragonite (figure 5.30).
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Figure 5.25

This high-resolution image spherical to subspherical features.

This high-resolution image shows irregular shapes 100-500 nm in diameter that are
themselves composed of spherical to subspherical features 10-50 nm in diameter. This
image is from the laminated zone found in the medial section of the Lighthouse Reef
Stalactite.
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Figure 5.26

SEM image of The laminated zone

The laminated zone shows a mixture of rod-shaped crystals and an abundance of
spherical to sub-spherical features.
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Figure 5.27

Spherical to sub-spherical features intermixed with rod-shaped features

Spherical to sub-spherical features intermixed with rod-shaped features interpreted as
possible bacterial coating smooth plate-like features similar to what was found in
Tischler, 2014.
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Figure 5.28

SEM photomicrograph showing that smooth aragonite crystals.

The Aragonite crystals are consistently associated with abundant spherical to subspherical textures.
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Figure 5.29

This photomicrograph of spherical, sub-spherical and rod shapes structures.

This photomicrograph, similar to figure 5.27, shows spherical, sub-spherical and rod
shapes as well as broken aragonite cement.
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Figure 5.30

Photomicrograph of the base of a large aragonite crystal.

Photomicrograph showing the base of a large aragonite crystal with abundant spherical to
subspherical shapes. Note that the spheroids seem to form the base of the crystal.
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Figure 5.31

Spherical to sub-spherical features intermixed with aragonite crystals.

Below the spheroidal debris and coccolith fragments (arrows).
Laborcita Formation
Thin sections originally used by Kevin Moore (2010) were analyzed in search for
aragonitic botryoids in relation to possible dark organic material. The locations of interest
were marked with carbon tape and investigated under SEM (figures 5.34, 5.35, 5.36,
5.37).
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Figure 5.32

Photomicrograph of suspected dark organic material

Photomicrograph showing the relationship between suspected dark organic material (red
arrow) in the cores transitioning into botryoidal splay structures (blue arrow).
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Figure 5.33

Photomicrograph of suspected organic material and peloids.

Photomicrograph showing dark clusters of suspected organic material and peloids
transitioning into dendritic structures.
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Figure 5.34

Photomicrograph dark splotches of micrite and suspected organic material.

Photomicrograph illustrating dark splotches of micrite and suspected organic material
transitioning into aragonitic botryoids. Carbon tape as placed on the thin section to
indicate the area to be futher investigated by SEM.
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Figure 5.35

Magnified image of area marked in the red box from figure 5.34

Photomicograph showing dark splotches of micrite and suspected organic material
transitioning into aragonitic botryoids magnified image of area marked in the red box
from figure 5.34
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Figure 5.36

Photomicrograph showing area of interest marked by carbon tape.

This area was chosen because it contained neomorphosed aragonitic botryoids associated
with micrite. Area marked in red box same as figures 5.34, 5.35.
SEM images were taken of the area of interest. Bumps and possible dendritic
features were found. However it was very difficult to capture a high resolution image due
to the epoxy from the thin section burning and in some cases bubbling, causing the thin
section to drastically deteriorate.
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Figure 5.37

SEM image of epoxy of the thin section burning

SEM image of interest area, same area as seen in figures 5.34, 5.35, 5.36. Arrow shows
the epoxy of the thin section burning causing charging and focusing difficulties.
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Figure 5.38

Concentric rings composed of varying thickness.

Concentric rings composed of varying thickness were found in the area of interest, but
their precise location on the thin section was not discernable.
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Figure 5.39

SEM X9,000 magnification of the concentric ringed features.

SEM photomicrograph at higher magnification showing the concentric ringed features
and the inconsistent thickness of the rings. This is the area from the red box marked on
figure 5.38
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Figure 5.40

SEM photomicrograph of the deformation of the thin section.

SEM photomicrograph showing high magnification image of the concentric rings and
deformation of the thin section (red arrow) and artifacts (blue arrow) due to the electron
beam.
Precipitation Experiments
24 hours
All samples showed calcite growth within 24 hours. The control showed some
crystal growth (figure 5.41). The urease acid sample had significant more crystal growth
then the other samples, with crystals easily discernible with the human eye (figure 5.43).
The palmitic acid and triacontanoic acid showed crystal growth, but also had evidence the
organic molecules had not fully dissolved into solution (figures 5.42, 5.44, 5.45).
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Figure 5.41

SEM photomicrograph of control 24 hours.

SEM photomicrograph showing control sample pure calcite precipitate formed after 24
hours, made up of anhedral crystal nuclei.
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Figure 5.42

SEM photomicrograph of palmitic acid after 24 hours.

SEM photomicrograph showing calcite precipitate formed in a solution containing
palmitic acid after 24 hours. The image shows organic spherical to subspherical debris
0.1 to 0.4 µm intermixed with euhedral calcite crystals.
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Figure 5.43

SEM photomicrograph of triacontanoic acid after 24 hours.

SEM photomicrograph of precipitate formed in a solution containing triacontanoic acid
after 24 hours. The image shows organic spherical structures and very small
rhombahedral calcite proto-crystals.

69

Figure 5.44

SEM photomicrograph showing image of urease acid after 24 hours.

SEM photomicrograph showing image of calcite precipiate formed in a solution
containing urease acid after 24 hours. The suspected organic material at the base of a
calcite cluster.
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Figure 5.45

SEM photomicrograph magnified image of figure 5.44.

SEM photomicrograph showing precipiate formed in a solution containing urease acid
after 24 hours. This image is a magnified image of figure 5.44.
Precipitates after 48 hours
The control precipitate and the precipitate formed in a solution containing
palmitic acid at 48 hours showed significantly more calcite crystal growth than at 24
hours (figures 5.46, 5.47). The palmitic acid had completely dissolved into solution.The
solution containing urease acid still had a larger amount of crystal growth compared to
any of the other samples (figure 5.49). The solution containing triacontanoic acid also
saw a significant increase in crystal growth, but the triacontanoic acid had still not
dissolved completely and had not gone into solution (figure 5.48).
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Figure 5.46

SEM photomicrograph of control sample after 48 hours.

SEM photomicrograph showing calcite only precipitated. Control sample after 48 hours
showing large clusters of calcite crystals ranging from 0.5 to 7 µm.

72

Figure 5.47

SEM photomicrograph of palmitic acid after 48 hours

SEM photomicrograph showing precipitate formed in a solution containing palmitic acid
after 48 hours showing organic material attached to a large euhedral calcite crystals.

73

Figure 5.48

SEM image of triacontanoic acid after 48 hours.

SEM image of precipitate formed in a solution containing triacontanoic acid after 48
hours, possible organic debris found throughout calcite clusters. Rod-like structures are
also found throughout the sample (arrow).
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Figure 5.49

SEM photomicrograph of urease acid at 48 hours.

SEM photomicrograph showing calcium carbonate precipitated and urease acid at 48
hours, possible organic debris attached to precipitated calcite crystals
72 hours
No significant change was found for the control and urease acid samples at 72
hours when compared with 48 hour samples. The palmitic acid samples showed an
increase in crystal abundance and growth (figure 5.50). The crystals seemed to have
clustered significantly more than any sample tested throughout the experiments. The
triacontanoic acid showed a decrease in crystal amount (figure 5.51). Fewer amounts of
crystals were present when compared to the sample at 48 hours. All of the triacontanoic
acid had still not dissolved completely into solution.
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Figure 5.50

SEM photomicrograph of palmitic acid after 72 hours.

SEM photomicrograph showing precipitate formed in a solution containing palmitic acid
after 72 hours, showing possible organic material intermixed with calcite crystal growth.
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Figure 5.51

SEM photomicrograph of triacontanoic acid after 72 hours..

SEM photomicrograph of precipitate formed in a solution containing triacontanoic acid
after 72 hours, the spheroidal features are possible organic material intermixed with
calcite crystal cluster.
X-EDS Results
X-EDS analysis was conducted on samples from the three zones originally
described in the Lighthouse Reef Blue Hole Stalactite. X-EDS analysis showed the
spherical to subspherical structures were composed of calcium, carbon, oxygen and
platinum.
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Figure 5.52

SEM image of X-EDS analysis of subspherical structure.

SEM image of Lighthouse Reef Blue Hole Stalactite transitional zone showing site of XEDS analysis of subspherical structure

Figure 5.53

Elemental makeup of subspherical structure in figure 5.52
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Figure 5.54

SEM image of X-EDS analysis of the dendritic zone.

SEM image of Lighthouse Reef Blue Hole Stalactite dendritic zone showing site of XEDS analysis of subspherical structure found in debris field

Figure 5.55

Elemental makeup of subspherical structures in figure 5.54
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Figure 5.56

SEM image of X-EDS analysis of the laminated zone.

SEM image of Lighthouse Reef Blue Hole Stalactite laminated zone conducting X-EDS
analysis of subspherical structure

Figure 5.57

Elemental makeup of subspherical structure in figure 5.56
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CHAPTER VI
DISCUSSION

The Scanning Electron Microscope (SEM) and thin section images revealed that a
relationship between microbial dendritic structures and aragonitic botryoidal cement
might exist. Suspected microbial evidence may be found at the roots of aragonitic crystal
growth. From the three sample sites examined, the Lighthouse Reef Blue Hole stalactite,
the Capitan Reef Formation, and the Laborcita Formation samples have similar
characteristics.
Capitan Formation
The Capitan Reef shows an abundance of aragonite crystals that have been
randomly scattered throughout the sample or uniformly grown in the same direction.
Peloids, micrite, and suspected organic matter seen as dark splotches are found at the
base of many of dendritic structures as well aragonitic crystals. The Capitan Formation
thin sections showed zones of interest where structures seemed to have dendritic
structures (figure 5.1). These sites were further investigated by SEM and abundant debris
fields of spherical to subspherical particles and rod-shaped structures ranging in size from
1 µm to 3 µm where found (figures 5.2, 5.9). These spherical to subspherical particles are
suspected to be organic material and are similar to features documented as organic
material found in Pleistocene stromatolites (Mason, 2012; Schieber, 2002; Weeks, 2010)
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(figure 5.6). Rod-shaped structures are interpreted as possible calcified remains of
bacteria based off their shape and size (Mason, 2012; Moore, 2010) (figure 5.9).
Neomorphosed aragonite may have transitioned into low-magnesium calcite or
dolomite while still preserving some of the original wall structure as described by
(Scholle, 1999). Diagenesis resulted in “ghost”-like acicular aragonite crystals that are
still visible in thin section and SEM (figure 5.3, 5.4). The neomorphosed aragonite has
cavities in-filled with spherical to subspherical particles that could be organic material
and potential evidence of microbial presence (figure 5.5, 5.6, 5.7). However, it is also
possible that these spherical to subspherical structures are caused by dissolution
(Kirkland et al., 1999).
Lighthouse Reef Blue Hole
The Lighthouse Reef Blue Hole stalactite was divided into three zones. The
dendritic zone, the transitional zone, and the laminated zone. Each zone is distinctly
different as can be seen in petrographic and SEM analysis. The dendritic zone has a
chaotic matrix that resembles a debris field (figure 5.10). Broken aragonite crystals and
0.5 µm to 10 µm spherical to subspherical particles are intermixed with a white powdery
calcium carbonate crust. This crust is an intricate high volume pore network. Within this
network elongated tubular structures that are 2 microns in diameter and vary in length up
to 55 microns long are found (figure 5.11). Tunnels are also found with an opening
diameter of 5 microns. Tunnels are described differently than pores, because the tunnels
show a wall-like structure stabilizing the tunnel, where the pore is just a rough opening in
the calcium carbonate crust (figure 5.12). These elongated tubular structures and tunnels
are interpreted as being the result of precipitation within the mucilaginous sheath of
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cyanophytes. Cyanophytes also termed cyanobacteria, range in size from 5 to 60 µm.
The interpretation of these tube and tunnel structures as molds of cyanophytes is based on
their size, morphology, and distribution as a pore network similar to what was described
by Pantazidou et al. (2006).
The transitional zone carries over debris similar to what is found in the dendritic
zone. The defining border of the transitional zone is formed by in situ aragonite botryoids
growing in radial patterns (figure 5.13). In the center of each/most of the radial shaped
aragonite botryoid clusters is a blanket of spheroidal features, which are interpreted as
either precipitate formed in association with suspected organic material or protocrystals
(figure 5.14). The suspected organic material is spherical to subspherical ranging 0.25 to
1 µm and is interpreted as the calcified remains of suspected microbial evidence (figure
5.16). The abundant spherical to subspherical suspected organic material can be found at
the base of the botryoids (figures 5.15, 5.17). Tubular features similar to the tunnels
described in the dendritic zone were found. However, these tunnels were significantly
larger ranging between 20 to 50 µm in length and 3 µm in diameter (figure 5.18, 5.19).
Focused Ion Beam images were taken of the transitional zone in attempts to better
understand the transition between the aragonitic botryoids and the suspected organic
matter. However, the coating required to use the F.I.B. covered the majority of the
organic matter (figures 5.19, 5.20). The image shows a cross section of the aragonitic
botryoids.
Thin section micrographs were taken of the transitional zone, where 0.02 to 1.0
mm aragonitic botryoids are found either randomly oriented (figure 5.21) or uniformly
organized, growing in the same direction (figure 5.22). The uniformly organized
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botryoids have a branching radial pattern. Dark splotches of what is believed to be
suspected organic material, based off size and shape data collected from the precipitation
experiments, intermixed with peloids are found at the base of the botryoids (figures 5.22,
5.23).
The laminated zone is found in the innermost section of the stalactite sample.
Spherical to subspherical features, interpreted as suspected calcified organic material that
range from 10-90 nm are found in abundance (figure 5.25). Similar to the transitional
zone, spherical to subspherical textures, interpreted based off their size and shape as
precipitates associated with organic molecules, are found associated with the aragonitic
botryoids (figure 5.26). The spherical to subspherical textures seem to form the base of
some aragonite crystals (figure 5.28). Some broken debris of aragonitic botryoids and
coccoliths are found intermixed with the spherical structures (figure 5.29). Rod-shaped
features averaging 2 µm in length similar to what was found in the Capitan Reef (figure
5.9) and what was discovered by (Moore, 2010) is found (figures 5.29, 5.30).
X-EDS results showed the spherical and subspherical structures were composed
of calcium, oxygen, carbon, and platinum. The platinum found is because of the 30 nm of
coating used. The calcium, oxygen and carbon is believed to be caused by the calcium
carbonate precipitation that occurs from organic material breaking down and releasing
carbonate in a calcium-saturated environment.
Laborcita Formation
Petrographic analysis showed dark peloids at the core of neomorphosed aragonitic
botryoids (figure 5.32). In some cases the fine-scaled, micritic peloids and suspected
organic material occurs at the base of neomorphosed aragonitic botryoids. The aragonitic
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botryoids have been neomorphosed, but retain the relict acicular crystal shapes. The
suspected organic micrite found at the base of the aragonite botryoids suggests it
facilitated the growth of the relic aragonitic botryoids, but this is not conclusive. Areas of
interest were marked with carbon tape to be analyzed through SEM in an effort to collect
more definite evidence (figures 5.34, 5.35, 5.36).
SEM images of the areas were not definitive. Thin section deterioration under the
beam decreased the ability to capture high magnification images. The thin section epoxy
began to burn and create bubbles especially under high magnification when the beam was
focused (figures 5.37, 5.40). This caused severe charging issues and made focusing at
high magnification impossible. Artifacts were created because of thin section
deterioration (figure 5.40).
In the Laborcita Formation, two out of the 25 thin sections analyzed showed areas
of interest where dark splotches believed to be micrite intermixed with peloids and
organic material showed concentric structures which are interpreted as microbial growth
rings of larger peloids (figures 5.38, 5.39, 5.40). Because of the concentric rings, irregular
thickness of individual layers, and the beaded, clumpy nature of the layers, these
concentric structures are believed to be of microbial origin.
Precipitation Experiments
Thin section and SEM images from the Capitan Formation, Laborcita Formation,
and Lighthouse Reef Blue Hole showed a possible interaction between dark splotches of
micrite and suspected organic material and the growth of aragonitic botryoids. In
attempts to understand how organic molecules affect textures created during crystal
growth, precipitation experiments were created in the lab using three different organic
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molecules: urease acid, palmitic acid, and triacontanoic acid. These three acids were
chosen because they are common organic molecules found in naturally occurring
biofilms. However these experiments were conducted in a controlled fresh water
environment compared to the marine environment of the three sample sites. Four samples
were used in each set: the control, urease acid, palmitic acid, and triacontanoic acid.
There were three sets analyzed at 24 hours, 48 hours, and 72 hours of allowed
precipitation. A total of 12 samples were created.
The first set at 24 hours of precipitation showed calcite crystal growth in all 4
samples. The sample precipitating calcite with urease acid showed the highest amount of
calcite crystal growth with the largest calcite crystal sizes. Under SEM analysis the
urease acid precipitant showed clusters of calcite crystals in association with clusters of
organic material (figures 5.44, 5.45).The palmitic and triacontanoic acid showed crystal
growth; however, the organic material had not completely dissolved into solution. The
palmitic acid did show calcite 0.3 to 4 µm in size growing intermixed with what is
interpreted as spherical to subspherical organic material 0.1 to 0.4 µm in size.
Triacontanoic acid showed ball-like features incased with calcite proto-crystals and
organic material (figure 5.43). The control precipitated the least amount of calcite. Under
SEM most of the crystals were undefined proto-crystals (figure 5.41).
The second set was allowed to precipitate crystals for 48 hours. The control and
palmitic acid showed an increase in volume of precipitate. The control under SEM had
large clusters of calcite ranging from 0.5 to 7 µm (Figure 5.46). The palmitic acid showed
large euhedral calcite crystals with spherical to subspherical organic material and rod-like
structures (figure 5.47). The urease acid continued to have the largest amount of crystal
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precipitation with fully developed rhombohedral calcite crystals ranging from 0.2
microns to 30 µm in size intermixed with spherical to subspherical organic material
(figure 5.49). The triacontanoic acid still had organic molecules that had not fully
dissolved into the solution. SEM images showed calcite crystals ranging from 0.2 to 3
µm intermixed with organic material including rod-like structures (figure 5.48).
The third and final set was allowed to precipitate for 72 hours. No significant
change occurred for the control and urease acid between 48 and 72 hours of precipitation.
The palmitic acid showed an increase in crystal size now ranging from 0.2 to 15 µm.
Very large organic clusters intermixed with calcite crystals formed as well (figure 5.50).
The triacontanoic acid still had not completely dissolved into solution. Under SEM,
triacontanoic acid had larger calcite crystals ranging 0.4 to 5 µm, intermixed with
suspected rod-shaped suspected organic material.
X-EDS analysis was conducted on the samples precipitated. However only 5 nm
platinum coating was used to minimize the loss of textures seen in SEM. The X-EDS
requires an increase of power to 30 kV for accurate elemental analysis. The thin coating
platinum coating resulted severe charging issue and therefore unreliable, inconclusive
data.
The precipitation experiments allowed for general comparison. In the control
experiments, as expected, euhedral rhombic calcite crystals formed. In beakers with
organic molecules, spherical to subspherical and rod-shaped structures occurred in
abundance in the precipitate. The spherical to subspherical structures and rodshaped structures found in the thin sections are very similar in size and shape to those
found in the precipitation experiments that involved the organic molecules. These data
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support interpretation of the textures as evidence of suspected organic matter and concur
with other studies that suggest these structures are related to the presence of organic
material (Chafetz and Folk, 1984; Schieber, 2002; Moore, 2010; Weeks, 2010; and
Mason, 2012)
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CHAPTER VII
CONCLUSION

Assessment of Hypothesis
After analyzing the three sample sites and comparing the results to the
precipitation experiments, several hypotheses can be concluded. The samples chosen
were picked because they all contained dendritic structures associated with aragonitic
botryoids (figures 5.3, 5.10, 5.13, 5.23, 5.32). Dendritic structures are suspected to be
formed by microbes in travertines (Chafetz and Folk, 1984). The link between the
dendritic structures and botryoids is present in each of these otherwise very different
samples separated by significant spatial and temporal differences. They share in common
an origin in marine, icehouse seas. The striking similarity of dendritic structures in these
three otherwise disparate samples is intriguing, and suggests a possible link, but is
inconclusive on its own.
Associated with these dendritic structures, spherical to subspherical structures and
in some cases rod structures that are interpreted as suspected microbial in origin based on
size and shape. The spherical to subspherical structures found in the samples studied are
very similar in size and shape to the spherical features created during the precipitation
experiment.
In the Lighthouse Reef Blue Hole samples, the distribution of the suspected
organic textures was suspicious. Multiple examples show transitions from chains of
89

spherical to subspherical structures to aragonite crystals. After 64 hours of SEM time,
not a single example was found that showed a clear transition from suspected organic
texture to aragonite needle. There simply is no clear evidence that these suspected
organic molecules induce the precipitation of aragonite; however, these suspected organic
textures are consistently present, and that constant presence remains curiously suspicious.
In the Capitan Formation, spherical and subspherical structures can also be found
within the ghostly trace of acicular aragonitic needles. While these images look very
similar to the suspected organic textures seen in the Lighthouse Reef samples, the
Capitan has a very different, much more complex, diagenetic history. It is much easier to
envision the origin of those nanometer-scale spheres via dissolution or as the result of
precipiation in association with organic molecules preserved since the Permian (Kirkland
et al., 1999).
Spherical to subspherical structures interpreted as bacteria or the result of
preciptation in association with organic molecules were identified in the Laborcita
Formation by Moore (2010) and Tischler (2014). Definitive examples structures could
not be found in this study because of thin section deteoriation while analyzing under the
SEM. The concentric features imaged are intriguing, possibly organic in origin, but do
not provide definitive evidence of an organic origin to aragonite botryoids.
The original hypothesis, that dendritic structures, when examined under the light
microscope and in SEM, will reveal images showing a close association with organic
material and microbial influences that promote a transition into aragonite botryoids,
cannot be accepted. The association of dendritic structures and botryoids in samples
separated by time and place remains suspicious. However, careful examination of the
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dendritic structures in the SEM reveals no definitive proof to link microbial influences in
the growth of aragonitic botryoids.
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